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Mr. C. R. Austin was the task engiuteer.

The studies presented began in July 1964 and concluded in January

1965. This represents an effort by the Ele. vonics and Radio Sciences

Division of Stanford Research Institute. The principal investigator,

Dr. J. E. Nanevicz was responsible for research activity under Stanford

Research Institute Project 5082.
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ABSTRACT

Two different probes were developed for measuring the electrical

charge and velocity of a moving charged projectile. The probes were

tested using 5/32-inch-diameter steel balls fired from a rifle at

roughly 4500 feet per second. The projectiles were frictionally

charged to from 50 to 100 ILýcoulomb by passing through a 0.0003-inch-

thick plastic sheet.
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I INTRODUCTION

In studying the problem of vehicle-induced electromagnetic inter-

ference on a low-altitude, long-range, all-weather vehicle operating

in the speed range Mact. 3 to Mach 10, it is necessary to investigate

the manner in which frictional "triboelectric" charging of the vehicle

by precipitation particles varies with speed.', 2,s* Although the

charging rate may be deduced from the particle density, the charge

acquired by each particle, and the effective intercept area of the

vehicle, it is important that precipitation charging rates be deter-

mined experimentally because of particle shattering, frontal heating,

and uncertainties regarding the applicability of theoretical data on

spherical water droplet impingement 4 ,s, 6 to ice crystals. Since no

available vehicles operate in this speed range at the altitudes of

interest, flight test measurements of charging rate in this speed

regime were not possible.

It was decided that the experiments would be made in a refrigerated

chamber, in which an ice fog would be produced by injecting steam and

seeding with dry ice. From a study of the charge acquired by a pro-

jectile traveling through this ice fog, the charging rate could be de-I duced. In addition, with the proper experimental technique, it should

be possible to obtain useful data on the effective intercept area of

the projectile and on individual particle charge.

To move it through the ice fog, the projectile could be mounted on

4 the end of a rotating, aerodynamically shaped radius arm in a manner

similar to that used by Stimmel,7 or the projectile could be fired

through the chamber in the manner of a rifle bullet. The latter approach

appears to be the most promising, since most of the speed range of in-

terest can easily be achieved with relatively inexpensive apparatus.

The charge acquired by the projectile will be determined by measuring

References are listed at the end of the report.
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the interaction of the charge with electrode structures located along

the path of the projectile. By using several such detectors, the change

in projectile charge can be determined for a known distance traveled

between electrodes. In addition, by measuring the time between the

interaction with succeeding electrodes, the velocity of the projectiles

can be accurately determined. A reference projectile will be fired at

a fixed velocity, so that variations in the properties of the ice fog

from one test to the next will not be misinterpreted. Particle density

will be determined by photographing the particles illuminated by a

collimated beam of light and counting the particles in a given length

of the beam.

This report describes the development and testing of the electrodes

and associated instrumentation required to perform measurements on moving

charged projectiles. Although the present application of these tech-

niques is a very specialized one, the techniques themselves are of

general interest.
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II INSTRUMENTATION

It has been shown1 >8 , 9 >,1 0°1'2 that if a charged particle moves in

the vicinity of a set of electrodes., the instantaneous terminal current

induced in one of the electrodes is given by

qv E
V

where q is the charge on the particle, v is its instantaneous velocity,

and the reciprocal field E is the component in the direction v of thatV

eleptric field which would exist at the instantaneous position of the

particle under the following circumstances: the charged particle is re-

moved; the given electrode is raised to potential V; and all other con-

ductors are grounded. In the case of a charged particle moving between

a pair of parallel plates, the reciprocal field E is given simply by

E ='V/d so that Eq. (1) reduces to

qv

d

The validity of this result is readily verified by the following simple

argument, which is included here for the sake of completeness: shown

in Fig. 1 is the sequence of events as a charged particle moves from

one to the other of a set of parallel plates. Emanating from the

particle are q lines of flux which terminate on an equal amount of

negative charge on the two electrodes. When the particle is near the

left plate, as in Fig. l(a), most of the lines terminate on the left

plate so that very little charge is induced on the right electrode.

When the particle is midway between the two plates, as in Fig. l(b),

-- one half of the particle charge is induced on the right electrode.
4 4tJ
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(+q))

(b)

(c)

TA-5002-1

FIG. 1 FIELD OF A CHARGED PARTICLE MOVING BETWEEN PARALLEL PLANES



When the particle is nearer the right Plate... ias rig.

charge on the right electrode approaches the particle charge.

The numerical magnitude of the induced charge described above may

be determined by assuming that the right plate is at a potential V, and

equating the work done in transferring charge from the left to the right

plate to the energy lost by the particle in its movement. The work done

in transferring a charge q2 from the left to the right plate through a

potential difference V is given by Vq 2 . At the same time, the particle

has moved a distance x against a field of magnitude V/d and has there-

fore lost an amount of energy given by q x V/d. Therefore,

Vq q qxV
2 d

qx
q2 q dx

But the current associated with the induced charge resulting from the

moving particle is given simply by the time rate of charge. Thus

o dqt d

q2  q dx qvi t adt

I which is in agreement with Eq. (2).

The above results suggest that a probe suitable for studying moving

4 charged projectiles might be designed as shown in Fig. 2(a). Since the

reciprocal field E between the plates is uniform, a positively charged

projectile moving from left to right with constant velocity in thisŽ4region will produce a steady positive output current as shown in the

4• left-hand portion of Fig. 2(b). To the right of the output electrode,

the direction of the reciprocal field is reversed, its magnitude is

5



SOTPUT

RECIPROCAL FIELD STRUCTURE ABOUT ELECTRODES

i' (b)

OUTPUT CURRENT
TA-5062 -2

FIG. 2 POSSIBLE PROBE DESIGN

reduced, and th- magnitude of the field varies with distance from the

output plate. Thus, upon emerging from the output electrode, the pro-

jectile produces a varying negative output current which persists until

tthe projectile is far from the electrode.

A somewhat improved probe design (in that the fields on both sides

of the output electrode are well defined) is shown in Fig. 3(a). The

output signal produced by a positively charged projectile moving at

constant velc'nity from left to right is shown in Fig. 3(b). Its form

can be deduced from the following arguments: Prior to passing the

first grounded plate, the projectile is shielded from the output elec-

trode and induces no signal in it. Upon passing the first electrode,

the projectile is in a uniform reciprocal field and produces a constant

positive output signal. After passing the output electrode, the pro-

jectile is in a uniform reciprocal field of opposite sign and produces

6



OUTPUT
(a)

RECIPROCAL FIELD STRUCTURE ABOUT ELECTRODES

(b)

OUTPUT CURRENT
TA-S062-3

FIG. 3 SYMMETRICAL PROBE

a negative output signal. Upon passing the second grounded plate, the

projectile is again shielded from the output electrode and induces no

signal in it.

The probes shown in Figs. 2 and 3 are idealized and cannot be used

in practice since they do not incorporate openings through which the

projectile can pass. A practical rrobe design, together with a rough

sketch of its reciprocal field structure, is shown in Fig. 4(a). The

probe illustrated is one in which the diameter of the hole through the

electrodes equals the electrode spacing. (This probe geometry was used

in the experiments described in Sec. III.) It is evident from the field

structure that E along the centerline of the hole is everywhere lower
V

-• ~than the undisturbed field between the plates. Furthermore, E along •

A: v

the centerline varies with position, and as the result of field fringing,

7



(a) FIELD STRUCTURE

D, -HOLE DIAMETER

D/d - .75 dig PLATE SPACING

D/d - 1.0

(b) OUTPUT CURRENT 
O08-

FIG. 4 PRACTICAL PARALLEL PLATE PROBE
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is not zero outside the plates. The output current waveform which would

be obtained from a probe of this design is illustrated in Fig. 4(b) for

various ratios of hole diameter to plate spacing. Also shown in the

figure is the output signal from an idealized probe having an infini-

tesimal hole for the passage of the projectile. Comparison of the

pulses indicates, for example that for a practical probe with D/d 1

(a hole diameter to spacing ratio of unity) the peak current is 0.72
of the peak current from the idealized parallel plate probe. The pulse

form is obviously quite different from that obtained from an idealized

probe.

Data for the output current pulse of Fig. 4(b) were obtained using

a 12:1 scale model of the probe structure by moving a spark discharge

signal from point to point between the probe electrodes and reading the

amplitude of the current pulse induced in the electrodes. The laboratory

set-up used in making these measurements is shown in Fig. 5. The re-

sistance of the leads to the spark gap is sufficiently high that the

leads are transparent to the RF reciprocal fields existing between the

plates. Thus, the signal source appears as a spark occurring between a

pair of completely isolated balls, which can be moved from place to

place. Its presence produces virtually no distortion in the field being

measured.

It has been shown, 12# that the signal induced in the electrode

structure by the spark discharge is given by

• E

j =- f(z) J(z) dz (3)

where i, E, and V are as defined for Eq. (1), J(z) describes the current

"in the spark gap, and f(z) is the function relating the field within the

spark gap to the field E which we wish to measure as fcllows:
V

- E (z) = f(z) E (z). Essentially, the integral describes the signal
gap v

generated by the spark source. Since the same spark source is used for

9



SUPPLY

DISTRIBUTED
RESISTANCE

ON THIN
PLASTIC SHEET

S

SPARK PROBE
GAP "•---•ELECTRODES

•" TEKTRONIX

S~OSCILLOSCOPE

TA-SO32-5

FIG. 5 FIELD MEASUREMENT SET-UP

the measurements at all points, the integral does not vary; therefore,

variations occurring in i as the spark source is moved from point to

point indicate changes in reciprocal field E
v

In conducting the field studies, a preliminary measurement was made

in which aluminum foil sheets were placed over the holes in the elec-

trodes to produce the idealized structure in which E = V/d. When the

spark discharge was placed between the plates, pulses of amplitude h1

were observed on the oscilloscope. Ne~it, the aluminum foil sheets were

removed and measurements were made with the spark held at positions of

interest in the practical electrode configuration. In this case the

10



r 2
The normalized reciprocal field E (z)/V at a particular point z along

the centerline of the practical probe is found from

h2(z) Ev2(z)

h E

or

Ev2(z) 1h2(z)
v2 - (4)

V d h 1

The probe illustrated in Figs. 4 and 5 is simple to fabricate and

use., and has the desirable feature that the polarity of the output

current changes sign during the pulse. This zero crossing is very

clearly defined in oscillograms, and facilitates the accurate deter-

mination of projectile velocity by measuring the time between zero

crossings of pulses produced from two probes spaced a known distance

along the projectile trajectory.

Inherent in the derivation of Eqs. (1) and (2) is the assumption

that the charged body is of infinitesimal dimensions so that its intro-

duction into the region between the electrodes of the probe will not

appreciably affect the field configuration. Thus the probe calibration

of Fig. 4(b) is valid only for projectiles that are much smaller than

the spacing between the electrodes. Unfortunately, as the program pro-

gressed, it was found that the requirement for projectile stability

would make it necessary to use projectiles roughly 3/4 inch long. The

presence of so large a body would certainly modify the reciprocal field

4• structure of the probe, with its electrode spacing of one inch. Further-

4• more, both the peak current and its waveform would be modified by changes

in projectile dimensions so that it would be necessary to determine a

new calibration for each projectile design.

11



A second :"cylindrical:: probe type was also invettigated. Th ASA.-

ments leading to its design are illustrated in Fig. 6. If a particle

(a)
"CHARGED PARTICLE INSIDE CLOSED CYLINDRICAL BOX

(b)
CHARGED PARTICLE INSIDE OPEN ENDED CYLINDER

TA-608-6

FIG. 6 ILLUSTRATING ARGUMENTS LEADING TO CYLINDRICAL PROBE

bearing a positive charge q is placed within a capped cylindrical tube

as in Fig. 6(a), the field lines emanating from the particle terminate

on an equal amount of negative charge on the inner wall of the tube.

Thus the box is left with a net positive charge q on its outer surface.

If the tube is sufficiently long as is illustrated in Fig. 6(a), very

few lines terminate on the end caps. In this case, the end caps can

be removed (to permit the passage of a projectile) without appreciably

altering the total charge on the cylinder.

The charge on the particle may be determined simply by measuring

the potential of the cylinder when the particle is inside, since

q CV (5)

12
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of the cylinder, and C is the capacitance to ground of the cylinder and

the wiring used to connect it to the measuring system. In designing the

associated instrumentation, it is essential to be certain that the re-

sistance R to ground of the cylinder is sufficiently high that RC is

much greater than the time required to perform a measurement. Otherwise

sufficient current will flow to the cylinder to neutralize an appreciable

fraction of the charge on its surface, thereby invalidating the charge

measurement. Since we are interested here in measuring the charge on a

moving projectile, it is necessary that RC be much greater than the time

that the projectile spends inside the cylinder, or

RC >> £/v (6)

where I is the cylinder length, and v is projectile velocity.

Since the charge induced on the outer surface of the cylinder does

not depend upon the details of field structure between the projectile
and the inner cylinder walls (provided only that the cylinder is suf-
ficiently long), the peak voltage out of the system is independent of

projectile form. This overcomes the main objection to the parallel

plbte probe.

S A drawback of the cylindrical probe is that its output signal does

not change polarity during the passage of the projectile, so that there1; is no clearly defined point on the pulse from which to make time measure-

ments for velocity determination. In addition, if a simple cylinder is

used as a probe, as shown in Fig. 7, some charge will be induced on the

cylinder and an output signal will be obtained long before the projectile

enters the cylinder. A rounded pulse of this sort is particularly un-

desirable for velocity measurements. Considerable improvement in the

pulse shape can be achieved by the addition of a grounded plate on either

side of the cylinder, as shown in Fig. 8. This results in a much more

13
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CHARGED
:•, PARTICLE

CYLINDER

TYPICAL

#OUTPUT

S~TA-SOS!-7

FIG. 7 SIMPLE CYLINDER PROBE

accurately defined field geometry for the probe. With the conducting

plates in place, virtually no charge is induced on the cylinder until

the projectile passes through the first plate, and the rise and decay

times of the pulse are greatly reduced as a result. A rapid rise and

decay are desirable for accurate timing.

CYLINDER

CHARGED
PARTICLE~b

GROUNDED
PLATE

TYPICAL
I OUTPUT

SIGNAL

TA-8O02-0

FIG. 8 IMPROVED CYLINDER PROBE
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III EXPERIMENTS

The experiments conducted thus far have been intended to test the

probes and associated instrumentation that will be used in the refri-

gerated chamber to study the charging of fast-moving objects. A typical

laboratory set-up is shown in Fig. 9. For the test illustrated, the

projectile was a 5/32-inch-diameter steel ball held in an aluminum sabot

while in the rifle barrel. After leaving the barrel, the sabot split

in two and was stopped by the 1/2-inch thick steel sabot stripper. The

projectile passed through the plates of the gas stripper where it lost

most of the accompanying slug of gas. Upon leaving the gas stripper

the projectile broke an aluminum ribbon triggering the oscilloscopes.

Next., the projectile passed through a ring stand which was used to

projectile. Finally, the projectile passed through the instrumentation

probes.

In the experiment shown in Fig. 10, an investigation was made of

the effectiveness of an aluminum foil sheet in discharging the pro-

jectile before it entered the test region. Upon breaking the trigger

ribbon, the projectile penetrated the grounded aluminum foil intended

to remove any charge existing on the projectile. The magnitude of the

signal induced in the first probe assembly (shown in the top trace of

the oscillogram) is proportional to the charge on the projectile upon

leaving the aluminum foil sheet. The foil is evidently very effective

in discharging the projectile since no signal was obtained.

Upon leaving the first probe the projectile penetrated a poly-

ethylene shedf intended to simulate the frictional charging resulting

from impact with ice crystals. The charge thus acquired by the pro-

jectile induced the signal shown in the bottom trace during passage

through the second probe. This experiment demonstrated that it is

possible to adequately discharge the projectile after it leaves the

rifle barrel, and that easily measurable signals are generated in the

test instrumentation following frictional charging of the projectile.

15
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TEKTrNIiX 555 SCOPE

S~0

, •--TOP BOTTOM

2002 p0ec Idiw

! I+-I
H.P,466 TEKTONI

"GAN tO GAIN - 10

ALUMINUMSABOT R•INN ALUMINUM POLYETHYLENE
STRIPPER TRIGGER SHEET SHEET

GAS -.O
STRIPPER 

I

FIG. 10 SET-UP FOR TESTING PROJECTILE DISCHARGING
AND CHARGING TECHNIQUES

In another experiment, illustrated in Fig. 11, it was possible to

measure projectile velocity and to measure the additional charge acquired

by a previously charged projectile. in this set-up, the projectile was

charged by a Mylar sheet prior to entering the first probe, producing the

top trace in the oscillogram. It acquired additional charge upon striking

a second Mylar sheet prior to entering the second probe (lower trace on

ost;'llogram). Since the two probes were 2 feet apart, and since the two

pulses are spaced in time by roughly 400 psec, the projectile velocity

was 5000 ft/sec or 1.525 X 105 cm/sec.

From the top trace on the oscillogram we find that the projectile

induced a peak short-circuit current of imax = 3.3 X 10-6 amp in the

first probe. In the probe used for these experiments the plate spacing

d was I inch and the hole diameter D was 1/2 inch. From Fig. 4 for

18
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10Ji~iTOP BOTTOM
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SABOT ALUMINUM
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I

FIG. 11 SET-UP FOR DEMONSTRATING SUCCESSIVE CHARGING OF PROJECTILE

ax-

D/d =0.5 we find that v max - 0.933/d. Rewriting Eq, (1) we obtain
V

q - (7) AI yE

which, upon substituting numerical values, yields for the charge on the

projectile upon entering the first probe,

-~ -63.3 X 10 (2.54)q=
1.525 X 10 (0.933)

= 59 ýLpcoulomb (positive)

Similarly the charge upon entering the second electrode was 86.3 w4&coulomb.

@. ~19 •



Substituting the charge value of q = 59 I4coulomb and a projectile

radius of r = 5/64 inch into

q (8)
2

4n Cr

we find that the field intensity at the surface of the ball is

E 1.36 X 105 volts/meter. This is considerably below the corona

threshold field of 3 X 106 volts/meter. Thus with this charge magnitude

there should be no problem with loss of cbarge from the projectile as

the result of corona discharge.

It is of interest to compare the projectile charge magnitude ob-

tained in the simulation experiments where the projectile is fired

through a plastic sheet with the charge magnitudes expected in the re-

frigerated chamber. From Ref. 1 we find that, for the ice fog crystals

generated in a refrigerated chamber, the charge per crystal impact is
-13 8roughly 10 coulomb and that the crystal concentration is roughly 10
3

crystals/m . In moving 0.5 meter through che chamber, a 5/32-inch-
- -6 3
diameter ball will sweep out a volume of 6.15 X 10 meter and will

S~-11
therefore acquire a charge of 6.15 X 10 coulomb, which is of the

same order of magnitude as the charge obtained in the present experi-

ments. Thus the instrumentation should certainly have adequate sensi-

tivity to permit measurements in the refrigerated chamber.

The potential of this ball at the position of the first probe may

be found by substituting the projectile radius and charge value

q = 59 o4Jcoulomb into

V=
V 4n er

(9)

= 268 volts

20



The experiment illustrated in Fig. 12 was intended to compare the

results obtained with the two probe types. From the pulse spacings we
5find that the projectile velocity was 4910 feet/sec or 1.373 X 10 cm/sec.

r'he projectile charge may be found from the peak signal induced in the

parallel plate probes (top trace in the oscillogram) using Eq. (7) as

before except that for this experiment the probe hole diameter was

D = 1 inch while the plate spacing d = 1 inch so that the data for
Smax 0.73

D/d = 1 in Fig. 4 must be used in determining V - d The pro-

jectile charge determined from the parallel plate probe is q = 89.1

p&coulomb.

SCOPE TRICCER

i TEKTRONIX 535

I l

--4 I-, ,oo1I/di, ',-

Io-
q, $~INCL£ OK

WYLAR "" _
SHEET

RIFLE [IJJJJJ

FIG. 12 SET-UP FOR PROBE COMPARISON

From the lower trace in the oscillogram we find that the peak vol-

tage induced in the cylindrical probe is 0.075 volt. Capacitance

aeasurements on the experimental set-up indicated that the total probe

capacitance to ground (including cables and instrumentation) was

21
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q = 0.075 (1.188 X 10 -9)

= 89.3 pLtcoulomb

which is in good agreement with the charge magnitude derived from the

parallel plate probe. (It is worth noting that since the peak signal

produced in the cylindrical probe is independent of projectile velocity,

projectile charge may be determined by using only a single probe.)

In the experiment illustrated in Fig. 13, a series of four cylin-

drical probes were arranged along the projectile path to present a

SCOPE TRICCER

'•.Z TEKTRONIX 535

IFELJJJ.05VjCM

•:SHEET

+"tt RIFLE

t1.-soiz-It

FIG. 13 SET-UP FOR TRACKING PROJECTILE

step-by-step history of projectile progress. The velocity in this case

was found to be 4200 feet/sec and did not vary over the instrumented

22
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a-ft-long increment of trajectory. The pyojectile charge was 113 jI•coulomb

and was constant along the entire trajectory. The gradual depression in

pulse peak position on the oscillogram stems from baseline depression

which results from the fact that the inequality of Eq. (6) is only par-

tially fulfilled since RC = 1.19 X 10-3 sec (the oscilloscope input re--6
sistance was 1 megohm) and L/v = 30 X 10 sec. With these circuit values,

roughly 2.5 percent of the induced charge on the probe flows off during a

pulse and serves to depres., the baseline by this amount.

23



IV CONCLUSIONS

The primary objective of the research reported here was the develop-

ment and testing of instrumeitatica suitable for measuring the electrical

charge on a moving projectile. The two probes developed for this pur-

pose were found to be satisfactory. Although the charges measured in

these experiments ranged from 50 to 100 pýLcoulomb, greater sensitivity

is possible. For example, ten times more sensitivity could have been

achieved simply by increasing the oscilloscope gain by a factor of ten.
a

The parallel plate probe offers a technique for making accurate

measurements of projectile velocity, since the output pulse has a well-

defined zero crossi.g from which time measurements can be made. Both

probes are attractive for studying moving charged bodies since the

probes and their associated instrumentation are quite simple.

24
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